The decomposition of methane over Ni/Ca/carbon catalyst systems, to form hydrogen and carbon was examined at modest temperature range of 623-873K. The catalytic activity of these systems proceeded after pretreatment by air at 573K for 4h, and by H2 at 673K for 3h. In these systems, nickel was the major active component and the calcium acted as a promoter.
Introduction
In the course of research by the authors on the conversion of methane into gaseous and/or liquid products in non-oxidative conditions using carbon-based catalysts, hydrogen was formed as byproduct1).
Further, the authors found that carbon materials having comparatively large external surface area, such as C60 soots, were effective for the decomposition of methane to form hydrogen at very high temperature, over 1200K2). The following purpose of the authors is to shed light on the properties of various carbon materials as supports of catalysts.
In this study, the authors tried preparation of Ni/carbon catalysts and examined their catalytic activity on decomposition of methane at modest temperature range of 623-873K. Now, the authors wish to report on some of results attained.
Experimental

2.1.
Material Commercially available carbon materials, such as C60 soots (MER Corp.), graphite (Alfa), activated carbon (Aldrich) and diamond powder (Alfa) were Pyrolytic carbon compounds were produced from organic monomers, such as cyclododecane (CD), at 1223-1373K, according to procedures previously reported.
ZSM-5 zeolite was prepared by conventional methods, using steam conditions. The carbon-supported Ni/alkali or alkali-earth metal catalysts, each with metal loading of 10wt%, were prepared by co-precipitating Ni and alkali or alkali-earth metal nitrates with K2CO3, in the presence of carbons, followed by drying. Catalyst thus prepared (0.4g) was diluted with quartz sand (4g) and placed in a quartz reaction tube (12mm, inner diameter).
IR image furnace was used for heating.
The catalyst was pretreated in air at 573K for 240min and subsequently reduced in H2 at 673K for 180min.
After cooling the tube to room temp., premixture of nitrogen-methane (5 vol% CH4, 20ml/min) was introduced in atmospheric pressure (W/F=8.21g-cat.h/mol) and temperature was raised again to the prescribed were analyzed by gas-chromatography (GC) on Porapack Q and molecular Sieve 5A columns, after 30min on-stream at each temperature, and carbons were weighed before and after the reaction.
Temperature-programmed surface reaction (TPSR), by which the surface carbon created from methane could be characterized, was carried out in a flow of 21ml/min of 20% hydrogen in nitrogen. Product analysis was performed by GC, as mentioned above, and every 12.3min a sample was taken to analyze for hydrocarbons C1 and C2.
* To whom correspondence should be addressed.
Results and Discussion
In order to clarify conditions for preparation of catalyst required for effecting catalytic activity of the Ni particle at relatively low temperature range of 600-900K, following three probes were conducted: First, the effect of pretreatment of catalyst (3.1.), second, the effect of promoters (3.2.), and, third, the effect of carbon supports (3.3.).
Effect of Catalyst Pretreatment by Air and H2
The Ni/C60 soots catalyst, which was pretreated with N2 or H2, was not active for decomposition pretreated with air and subsequently with H2 was (or reduction) of the Ni particle might be important for the catalysis to proceed. In this reaction, hydrogen was obtained as a major product.
Other products, such as ethane, ethylene, benzene, were not detected by GC analysis, in the conditions employed. Twice the molar amount of hydrogen formed was in good agreement with the molar amount of the converted methane (Eq. (1)). Thus, the only by-product was carbon. 3.2. Effect of Alkali or Alkali Earth Metal Promoters for Ni Salts The effects of alkali or alkali-earth metals as precipitants for Ni nitrate were first examined. As shown in Fig. 2 , a pronounced effect of precipitants was observed; Ca(OH)2 was the most effective for this reaction, whereas (NH4)2CO3 was not effective at all. Then, the catalysts were prepared by co-precipitation method of Ni nitrate ternal surface of the carbons played an important role in the reaction2).
In this low temperature decomposition, however, Ni is a key component3), as described above.
As a result, it is expected that effects of carbon supports on the catalytic activity will be minor, although there was a pronounced difference in the rate of reaction with time (see section 3.5.).
In fact, there was a low degree of correlation between the activity and BET surface area of Ni/Ca/C catalyst, as shown in Fig. 4 , where the methane conversion was plotted against BET surface area.
The conversion with catalyst 1 (CD) having small surface area is approximately the same as that with catalyst 3 (C60) having large area. A high degree of correlation between the surface area of Ni particle and the catalytic activity, however, could be expected.
On this point, further work will be required to clarify the nature of Ni particle.
3.4.
Effects of Reaction Temperature on Catalytic Activities In order to shed light on the characteristics of various carbon supports in Ni/Ca/Carbon catalysts, the effects of reaction temperature on its catalytic activity were first examined.
Exhibited in Fig. 5(a) are effects of temperature on the catalytic activity.
The methane conversion was accelerated with rise in reaction temperature. Of the support materials employed, the carbons prepared from CD were found to be more effective than conventional AC-Darco carbon and ZSM-5, although the cause is still not clear. The conversion of methane at 873K was >80%. When the reaction was carried out in the presence of H2O (5mol%), catalytic activity increased and production of hydrogen was observed, even at 523K as H2 were formed ( Fig. 5(b) ). The effect of contact time, W/F, at 723k on the catalytic activity was briefly examined. The methane conversion increased with increase in contact time and attained a value of ca. 48% when W/F was 8.21g-cat.h mol-1 and, then, it gradually decreased. 3.5.
Catalytic Activity as a Function of Time Further, the effect of carbon supports on the rate of reaction with time was, then, investigated.
In general, the catalytic activity might become gradually deteriorated by accumulation of carbon products as the reaction proceeded.
In fact, in case of catalyst 1 (CD), after a reaction of 400min at (1); pyrolytic carbon (PC) from cyclododecane at 1323K, (2); treatment of (1) (The numbers in parentheses indicate the ratio of methane conversion, after 400min-reaction, to that after 10min-reaction (Fig. 6) .) When the reaction was repeated in the presence of H2O (5kPa), the attributed to the rapid oxidation of carbons formed in situ with H2O to give COx (see Fig. (5b) ). 3.6. TEM Observation and Temperature-programmed Surface Reaction (TPSR) of Carbonaceous Species Formed after Reaction without H2O The purpose of these experiments is to obtain information on a characteristic of the carbon product. After 400min-reaction, the formation of filament-like carbon was observed, as exhibited in a TEM photograph (Fig. 7) of the used catalyst, which was taken out from the quartz tube after reaction4),5) 
